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isolate one function out of many. Sensitivity analyses as such are, however, not discussed further in this paper.
Below, the main principles of the economic allocation method will be explained briefly. Then illustrated examples of economic allocation will be given and a decision tree will be presented and discussed. Finally, some conclusions and recommendations will be drawn.
Method: Economic Allocation
For all more theoretical discussions on the pro's and con's of economic allocation as opposed to other allocation methods and in relation to ISO Guidelines, we here refer to the Handbook on LCA, in particular to Section 3.9 of Part 3. In this paper we will focus on economic allocation only and briefly describe its principles in practical terms, that is in the way it would be applied in practice.
For this, two basic prior definitions are important in particular:
• Functional flow: any of the flows of a unit process that constitute its goal, viz. the product outflows (including services) of a production process and the waste inflows of a waste treatment process. 2 • Multi-functional process: a unit process yielding more than one functional flow, i.e. co-production, combined waste processing and recycling: − Co-production: a multi-functional process having more than one functional outflow and no functional inflow. − Combined waste processing: a multi-functional process having no functional outflow and more than one functional inflow. − Recycling: a multi-functional process having one or more functional outflows and one or more functional inflows (including cases of combined waste processing and co-production simultaneously).
In the economic literature, multi-functional processes are referred to as joint or combined production (e.g. Koutsoyiannis 1980) . In this article we will not distinguish between these two any further but deal with both under the heading of multifunctional processes. The Handbook on LCA distinguishes two steps in solving the multi-functionality problem. The first concerns the modelling of the product system studied in the inventory analysis. In this step system boundaries are set and processes are described and process flows quantified. In this step multi-functionality problems can be identified and the model of the product system is drafted. The better and more specific the model, the less multi-functionality problems will remain. For example, if the processes are specified to unit operation levels (e.g. individual machines), multi-functionality problems may be avoided in some specific cases. This is the starting step in the ISO allocation procedure.
The second step concerns solving the remaining multi-functionality problems. For this step, the Handbook on LCA proposes to systematically apply economic allocation, next to other ways of solving the multifunctionality problem as sensitivity analyses, and next to other ways, based on physico-chemical relations, for waste treatment processes.
In a practical study, one of the first things to be determined is which flows are the functional flows of a process. For this, the distinction between products and wastes is an essential step. To distinguish products from wastes, the economic value of flows is the determining property. A product is a flow between two processes with an economic value higher than or equal to zero, whereas a waste is a flow between two processes with an economic value smaller than zero. Functional flows are either products that are produced by a process or wastes that are treated by a process. The functional flows of a specific unit process are the product outflows and the waste inflows. So, to determine if for process A in Fig. 1 , there is a multi-functionality problem, we need to know which of the three flows are functional flows. Flow 3 is not an economic flow, just because it doesn't connect two unit processes but goes directly from a unit process into the environment, e.g. the aquatic compartment. This is an environmental or elementary flow, and therefore no functional flow, so it creates no multi-functionality problems. Assuming flow 1 has no negative value, all depends on the value of flow 2. If the economic value of flow 2 is higher than or equal to zero as well there is a multi-functionality problem which needs to be tackled, e.g., by economic allocation. If the economic value of flow 2 is smaller than zero, there is no multi-functionality problem but the flow 2 should be traced down to a process that will manage this flow as waste. If such a process is not occurring, the flow should be considered as a flow that has been cut off for reasons of data unavailability. The basic principle of economic allocation is that, having determined the various functional flows of a multi-functional process, all other flows need to be allocated to these functional flows according to their shares in the total proceeds. Proceeds are based on prices, and the price can be expressed in any currency such as €, US dollars or alike and the unit of flow can be quantified in any quantity and unit in which the prices are stated, such as piece, mass (kg), energy (MJ or kWh) or volume (m³), as long as used consistently through one calculation (e.g. US dollars and € shouldn't be used mixed in one calculation). In this method, the share of each product in total sales of a process is thus considered to indicate its share in the full existence of that process. The economic value created by a process is considered to be the driver of that process.
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It is not always easy to determine the proceeds of a process. However, it are the shares in proceeds that need to be known and not the absolute values. This is also a solution to handling fluctuations. Prices may fluctuate considerably, but often the shares remain quite constant, particularly in the longer term. Long term average share is the relevant time horizon here in theory, although these data may often not be available. The uncertainties attached to these fluctuations are deemed important but not further discussed here. At first glance, we expect that the uncertainties of price fluctuations are comparable to uncertainties attached to other allocation methods as e.g. the physical quantities of functional flows of a particular multi-functional process also fluctuate (for instance, the amounts of milk and wool produced in sheep breeding will fluctuate per year, as will the prices of milk and wool).
For flows with missing or distorted markets, it may also be difficult to determine proceeds and shares. In the Dutch
Handbook on LCA attention has also been paid to such problems, and Table 1 shows in summary which solutions are proposed for different problems. For more details, we refer here to Guinée et al. (2002; Part 2b, 147-151) .
Examples of how economic allocation works in practice are presented in the next section.
Examples

Co-production
In 1993, Huppes already proposed economic allocation as solution for multi-functionality problems in LCA studies (Huppes 1993) . Fig. 2 shows an adapted version of the example used by Huppes on co-production of caustic soda, chlorine and hydrogen. Locally diverging prices Choose prices at relevant process locations or calculate averages for the relevant region 7.
Market prices available only further downstream Gross sales value method, as worked out under '14' 8.
Partially missing prices Construct prices from costs and known prices 9.
Economically based market distortions (e.g., Monopolies) Use actual market prices, correct in very exceptional cases only 10. Regulations-based market distortions Accept prices as they are, use value or cost of close alternative for missing market prices 11. Tax-like financing of activity (e.g., Sewer systems)
Treat as 'missing market, public provision' 12. Taxes and subsidies on products Use the price the seller actually receives 13. Taxes and subsidies on activities Do not correct for taxes and subsidies on activities. 14. In-firm prices not known Use gross sales value method 15. Missing markets with public provision Construct prices based on costs 16. Developing markets for recycling products Use current prices of similar products to specify the price of future recycled products 17.
Markets not yet in existence Use expected future market prices The functional flows are caustic soda (NaOH), chlorine (Cl 2 ) and hydrogen (H 2 ). Assuming the quantities, prices and proceeds stated in Table 2 , allocation factors can be calculated; these are referred to here as α, β and γ.
Emissions need to be allocated, i.c. HCl (1x10 -3 kg), but also other non-functional flows, i.c. sodium chloride use (11.7 kg) need to be allocated to the three functional flows:
This table clearly shows that functional flows are being allocated to and not allocated themselves: all non-functional flows are allocated to the functional flows only. It also shows that the 100% rule counts for economic allocation: for each flow, the quantities of the mono-functional processes together precisely constitute the original quantity of the multi-functional processes for that specific flow. Of final interest is that one should distinguish between the allocation of a multifunctional process and the ratios in which mono-functional processes participate in each of the separated systems. Fig. 3 illustrates how the multi-functional electrolysis process can be allocated into three different mono-functional processes, each connected to one and the same mono-functional upstream process.
Two cases of open-loop recycling
A co-production process is simple enough to understand the economic allocation procedure. Recycling processes, however, often create more problems, both conceptually and mathematically. The unallocated multi-functional and the allocated mono-functional process data for the electrolysis of sodium chloride The 'use' process has two outflows of which only one is a functional flow (i.c. product): the functional unit '5 years engine use'. The other outflow 'used engine' has a negative value and is thus a waste flow which should be traced down to it waste management process, i.c. 'secondary aluminium production'. The inflow 'engine' is a product, hence this is not a functional flow. The 'collection & dismantling' process provides a turning point for the economic value of the used engine and aluminium scrap flows and thus we have an example of a multi-functional process, in this case a recycling process. As the resulting secondary aluminium is used in other products than the original engine, it is a question of open-loop recycling. Thus the process 'collection & dismantling' needs to be partly allocated to the system of the engine (system 1) and partly to the system using the aluminium scrap (system 2). Assuming the quantities, prices and proceeds stated in Table 4 , allocation factors can again be calculated.
In this 'collection & dismantling' process, only one emission is at stake: NH 3 to air. This emission needs to be allocated to the aluminium scrap (part of system 2) and used engine (part of system 1) as shown in Table 5 .
The total emissions follow from Fig. 5 . For SO 2 for system 1, the emission thus equals 1⋅10 -3 kg and for system 2 equals 0 kg. The total emission of NH 3 for system 1 thus equals 1⋅10 -3 + 0.8⋅10 -3 = 1.8⋅10 -3 kg, and for system 2 equals 1.2⋅10 -3 + 3⋅10 -3 = 4.2⋅10 -3 kg. Now not only the flow 'used engine' but also the flow 'aluminium scrap' is negatively valued and is thus a waste flow which should be traced down to its waste management process, i.e. 'secondary aluminium production'. In this case, the 'secondary aluminium production' process provides a turning point for the economic value of the aluminium scrap and the secondary aluminium flows and as the latter is used in other product systems, we have an example of open-loop recycling again. Now, the process 'secondary aluminium production' needs to be partly allocated to the aluminium scrap (part of system 1) and partly to secondary aluminium (part of sys- Nf = non-functional; f =functional tem 2). Assuming the quantities, prices and proceeds stated in Table 6 , allocation factors can again be calculated.
In this process, 'secondary aluminium production', again just one emission is at stake: NH 3 to air. This emission needs to be allocated to the aluminium scrap (part of system 1) and the secondary aluminium (part of system 2) as shown in Table 7 .
The total emissions follow from Fig. 7 . For SO 2 for system 1, the emission thus equals 1⋅10 -3 kg and for system 2 equals 0 kg. The total emission of NH 3 for system 1 thus equals 1⋅10 -3 + 2⋅10 -3 + 1.5⋅10 -3 = 4.5⋅10 -3 kg, and for system 2 equals 1.5⋅10 -3 kg. Int J LCA 9 9 9 9 9 (1) 2004 29
Closed-loop recycling
The two cases on open-loop recycling may be expanded to cover closed-loop recycling as well. For this, we modified the system a little bit and that gives a new multi-functionality situation (Fig. 8) .
The system in Fig. 8 is comparable to Fig. 4 , except that part of the secondary aluminium is now also used by the engine system (system 1) resulting in a situation of openloop recycling combined with closed-loop recycling. Similar to Fig. 4 , the process 'collection & dismantling' needs to be partly allocated again to the used engine (part of system 1) and partly to the aluminium scrap (part of system 2). In addition, there is a unit process, secondary aluminium production, that has an output of 5 kg of secondary aluminium, of which 3 kg goes back to system 1 and 2 kg goes to system 2. This is not a co-production process (only one functional flow!), and there is no allocation needed for this process.
Assuming the same prices as in Table 5 , the same allocation factors α=0.4 and β=0.6 are obtained.
The emission of NH 3 to air needs to be allocated to the aluminium scrap (part of system 2) and used engine (part of system 1) in the same way as for the first recycling example (see Table 5 ).
The total emissions follow from Fig. 9 . For SO 2 for system 1, the emission equals 0.4⋅10 -3 kg and for system 2 again 0 kg. The total emission of NH 3 for system 1 thus equals 1⋅10 -3 + 0.8⋅10 -3 + 3/5×1.2⋅10 -3 + 3/5×3⋅10 -3 = 4.32⋅10 -3 kg, and for system 2 equals 2/5×1.2⋅10 -3 + 2/5×3⋅10 -3 = 1.68⋅10 -3 kg.
Pseudo-recycling: a form of co-production
Finally, we modified the same system a little bit again, resulting in another multi-functionality situation (Fig. 10) . Here it is assumed that aluminium is such a valuable material that all products in the material cascade have a positive value; even used engines and then of course also aluminium scrap. As a consequence, the use process is to be treated as a coproduction process, and there is no formal recycling process, even though a flow of secondary aluminium is informally perceived as a flow of recycled material. We have used the term 'pseudo-recycling' to distinguish it from the true cases of recycling described in 3.2 and 3.3. The use process is now a multi-functional process, delivering the functional flows engine use and used engine. Consequently, the values of these two flows form the basis for the allocation. Observe that also in this case, the secondary aluminium production is not a co-production process and that no allocation is needed for this process.
Assuming the quantities, prices and proceeds stated in Table 8 , allocation factors can again be calculated.
In this case, the allocation is more complex although similar to the situation described in Section 3.1. The multi-functional process is the co-production of 5 years engine use and 1 used engine. The allocation for this process is summarised in Table 9 .
The full details of the calculation are now much more difficult than in the previous case. Consider system 1: engine use. It includes a certain amount of aluminium, part of which is from secondary aluminium production. This process, on its turn, is fed by the allocated part of the use process that produces the used engine. In other words, although the allocation step of the use process separates the delivery of the engine use function from the production of used engines, the closed-loop recycling re-establishes the link between those two allocated processes (Fig. 11) . But the two allocated processes cannot simply be merged into the original multi-functional process. 3 The ratios of use of the two allocated proc- The unallocated multi-functional and the allocated mono-functional process data for the use process esses differs per system. The consequence of the linkage is that the system now is a really circular one, for which a straightforward calculation is no longer applicable. Instead, the mutual and circular dependency calls for the solution of a set of simultaneous equations, for instance by means of matrix algebra; see Heijungs and Suh (2002) for more details. The results of such a calculation are represented in Fig. 12 : for 5 years of engine use (system 1) the emission of NH 3 is 3.93⋅10 -3 kg, and the emission of SO 2 is 0.393⋅10 -3 kg, and for the production of 2 kg secondary aluminium (system 2) the emission of NH 3 is 2.07⋅10 -3 kg, and the emission of SO 2 is 0.007⋅10 -3 kg.
Results and Discussion
The four examples in sections 3.2, 3.3 and 3.4 demonstrate that the prices of the flows within a system may have quite some effect on the emissions that are allocated to a system. The results are not directly comparable, because the situations are not exactly comparable. Table 10 summarises the most distinguishing features between the four cases.
Notice that the sum of the NH 3 -emissions allocated to system 1 and 2 is always equal to that of the unallocated system: 6⋅10 -3 kg. The 100%-rule does not only apply to the process level, but also to the system level.
One may compute the NH 3 -emission allocated to each of the systems as a function of the price of one of the flows. Fig. 13 show the results of the example of sections 3.3 and 3.4 for a range of prices of the used engine, all other data and prices kept constant, for system 1.
We see that, although the NH 3 -emission varies, there is no jump around the zero-price. Despite the fact that the allocated systems (see Fig. 9 and Fig. 12 ) are quite different in a qualitative sense, the mechanism of using proceeds-based allocation factors ensures that the small difference between Int J LCA 9 9 9 9 9 (1) 2004
* Functional flows from a multifunctional process that partially remain within the system studies, e.g. in case of partial closedloop recycling, are to be handled as normal process calculation after allocation.
a small positive and a small negative price leads to results that are only slightly different.
Based on the experiences with these examples, we have drafted a decision tree for handling the multi-functionality problem (Fig. 14) . Although we concentrate on economic allocation, the decision tree can with small changes be used for more general situations, as the main part of the decision tree is about identifying functional flows and multi-functional processes. One should note that economic criteria are used for identifying functional flows, even when mass-or energy-based allocation is chosen. We would advocate the same for substitution.
The decision tree is meant for identifying and handling multifunctionality situations starting from a defined (product) system. The latter is important as only a defined (product) system will give the opportunity to identify multi-functionality situations and will already supply all inflow related processes upstream and e.g. waste management related processes downstream. The decision tree doesn't intend to help the LCA-practitioner with these system definition related issues, but is only meant to identify and help solving multi-functionality problems.
In step 1 of Fig. 14 , the functional flows of each process of the system studied are identified. There are two types of functional flows: products produced and wastes to be treated. Products produced are outflows with economic value higher than or equal to zero, while wastes to be treated are inflows of a (waste managing) process with negative economic value, therefore providing proceeds for that process. 
